Somatic cell cytokinesis was shown to involve the insertion of sphingolipids (SLs) to midbodies prior to abscission. Spermatogenic midbodies transform into stable intercellular bridges (ICBs) connecting clonal daughter cells in a syncytium. This process requires specialized SL structures. (1) Using high resolution-mass spectrometric imaging, we show in situ a biphasic pattern of SL synthesis with testis-specific anchors. This pattern correlates with and depends on ceramide synthase 3 (CerS3) localization in both, pachytene spermatocytes until completion of meiosis and elongating spermatids. (2) Blocking the pathways to germ cell-specific ceramides (CerS3-KO) and further to glycosphingolipids (glucosylceramide synthase-KO) in mice highlights the need for special SLs for spermatid ICB stability. In contrast to somatic mitosis these SLs require ultra-long polyunsaturated anchors with unique physico-chemical properties, which can only be provided by CerS3. Loss of these anchors causes enhanced apoptosis during meiosis, formation of multinuclear giant cells and spermatogenic arrest. Hence, testisspecific SLs, which we also link to CerS3 in human testis, are quintessential for male fertility.
Introduction
With the exception of stem cell renewal, spermatogonial proliferation and meiotic divisions of spermatocytes lead to a single clone (syncytium) of up to 650 (as analyzed in rat (1)) synchronously differentiating, haploid germ cells, which are interconnected by intercellular bridges (ICBs, see Migration of standard GSLs is indicated by the numbers 1-4; Ctrl., control testis; Cers3(Germ)-KO, germ cell-specific CerS3-KO; Gcs(Germ)-KO, germ cell-specific GCS-KO; Gcs(Sertoli)-KO, Sertoli cell-specific GCS-KO; and Gcs(Leydig)-KO, Leydig-cell-specific GCS-deficiency at P45. *: HexCer at the height of the GalCer-standard accumulates in Cers3(Germ)-KO and is barely detectable in the Gcs(Sertoli)-KO. (B) High-resolution mass spectrometric imaging of ULPU-sphingomyelins. ULPU-sphingomyelins (green and red) locate to the adluminal compartment of seminiferous tubules, but not to the basal compartment (blue) or to the interstitium (white) in testis of control (left Human Molecular Genetics, 2015, Vol. 24, No. 17 | 4795 cleavage furrow ingression and incomplete cytokinesis ensuring gametic equivalence (4) . Thus, a single clonal primary spermatocyte gives rise to four interconnected haploid round spermatids increasing the ICB-number 4-fold and the plasma membrane surface areas for the cleavage furrows manifold (1, 5) . Interestingly, these ICBs are continuously modified in their protein composition and widened, but additionally their plasma membrane acquires a highly convex surface curvature when meiotic spermatocytes transform into spermatids and finally into spermatozoa (6) (7) (8) . Apparently, special lipids with defined fatty acids are needed to stabilize meiotic germ cell ICBs, as their deficiency leads to multinuclear giant cell (MG) formation and spermiogenic arrest (9) (10) (11) (12) (13) (14) . During somatic cell cytokinesis, the two daughter cells are still interconnected by midbodies prior to abscission. Although they are transient structures, they concentrate defined lipids, especially sphingolipids (SLs) with classical membrane anchors containing long to very long acyl chains, which are required for correct cell division (15) (16) (17) .
First in vivo insight pointing to the need of glycosphingolipids (GSLs) for spermiogenesis emerged from a mouse mutant with systemic deletion of the GalNAc-transferase (GalNAcT; B4galnt1) leading to loss of complex gangliosides (sialylated GSLs) and an arrest of spermiogenesis accompanied by MG generation. It was hypothesized that these complex gangliosides are needed for testosterone export from Leydig cells (11) . Later on, a novel class of fucosylated GSLs with special ultra long-polyunsaturated (ULPU)-ceramide anchors was described for differentiating spermatogenic cells that correlate with fertility and also require GalNAcT (12, 18, 19) (Fig. 1) . Intriguingly, ULPU-anchored SLs differ dramatically in their physico-chemical behavior from corresponding classical SLs (18, 20, 21) , which imply specific cellular functions. Hence, the questions remain whether gangliosides of somatic testicular or fucosyl-GSLs of germ cells and in particular their special ULPU-anchors are crucial for ICB-stability and thus for spermiogenesis.
Using high-resolution mass spectrometric imaging, we show for the first time a stage-specific in situ expression of ULPU-SLs in differentiating mouse spermatogenic cells. The ULPU-SL localization correlates with a biphasic distribution pattern of adluminal ceramide synthase 3 (CerS3) expression during spermatogenesis. The first phase corresponds to the formation of new ICBs during meiosis. Analyzing mutants with spermatogonial CerS3-deficiency or with a deletion of glucosylceramide synthase (Gcs) either in spermatogonia, Sertoli cells or Leydig cells, we demonstrate the exclusive requirement of germ cell SLs for meiotic ICB stabilization, but not of GlcCer-based GSLs generated in Sertoli cells or in Leydig cells. Both, the complex glycan moiety and the ULPU-anchor of germ cell SLs are structural elements needed for ICB stability and thus for effective germ cell survival during meiosis and clonal integrity until spermiation. Finally, we propose a homologous function of CerS3 and ULPU-SLs in human spermatogenesis, by providing a functional link between testicular ULPU-SLs, high expression of CerS3-mRNA, and intact spermatogenesis, but loss of all these features in a case of Sertoli cell-only syndrome (SCO).
Results
Cers3 is upregulated first during meiosis and later on in mid-late spermiogenesis Based on the hypothesis that ULPU-SLs are produced by CerS3 and are functional components of spermatid ICBs, we tested by immunohistochemistry (IHC) whether CerS3 appears before spermatid differentiation. The overview reveals CerS3 labeling to be restricted to seminiferous tubules in a stage-specific pattern ( Fig. 2A) , indicating a differentiation-dependent expression during the spermatogenic cycle. At higher magnification a distinct endoplasmic reticulum (ER) staining of CerS3 throughout adluminal spermatocytes was evident (tubular Stages II-XII, Fig Spatio-temporal regulation of ULPU-sphingolipid synthesis in two phases during and after meiosis Using high-resolution-mass spectrometric imaging (MALDI-MSI), we could for the first time localize ULPU-SLs in situ on adult testis sections. For reasons of sensitivity, we choose a narrow mass range (500 < m/z < 1000) including ceramides and most phospholipids, but excluding complex fucosyl-GSLs. Whereas ceramides were undetectable, several sphingomyelins were observed specifically within the seminiferous tubules or only within the interstitium ( Table 3 ). Error bars represent standard deviations; unpaired Student t-test, *P < 0.05, **P < 0.01, ***P < 0.001. CerS3-mRNA expression and ULPU-SLs relate to intact spermatogenesis in human testis
Next we asked whether ULPU-sphingolipid biosynthesis and completion of spermatogenesis also depend on CerS3 expression in humans. In addition, we investigated a case of human SCO as a model of germ cell loss. Ceramides and sphingomyelins containing ULPU-anchors with 26-32 carbon atoms and 2-4 double bonds were detected in non-tumorous testes tissue comprising 14% of ceramides and 5% of sphingomyelins ( Fig. 4A and B) . These levels correlate with high CerS3-mRNA expression in human controls as compared with SCO and kidney samples (Fig. 4C ). In parallel, in the SCO testis no ULPU-ceramides and sphingomyelins were found, but rather unchanged levels of these SLs with classical acyl-anchors (C16-C24, Fig. 4A and B). These data correlate with the light microscopical finding of germ cell aplasia in this SCOcase ( Fig. 4E ) as compared with complete spermatogenesis in control tubules (Fig. 4D ).
Germ cell-specific loss of SLs or GSLs with ULPU-fatty acids causes infertility
To assess the contribution of germ cell-specific SL-anchors to ongoing spermatogenesis and ICB-stability, we compared the phenotype of Cers3 Fig. S1B ). The CerS3 germ cell-specific deficiency was confirmed by IHC ( Fig. 2A′ ) and immunoblotting (Fig. 2F ). The latter revealed a faint band of CerS3 in KO at smaller MW due to the loss of 31 amino acids in the catalytic domain. Thin layer chromatographic analysis of testicular GSLs showed loss or strong reduction of fucosyl-GSLs (which are of the ganglio-series, Fig. 1D ) only in germ cell-specific mutants (Fig. 3A) . In Cers3(Germ)-KO, minor fucosyl-GSLs of slightly lower mobility, i.e. of higher polarity, remained. In both germ cell-specific mutants, Forssman lipid (which is of the globo-series) increased, whereas only in Cers3 (Germ)-KO, glucosylceramide (GlcCer at the height of GalCer) accumulated. The latter was almost lacking in Gcs(Sertoli)-KO, which like Gcs(Leydig)-KO otherwise showed no differences to control testis. Liquid chromatography coupled tandem mass spectrometry (LC-MS 2 ) verified over 90% loss of all fucosyl-GA1 species in Gcs(Germ)-KO, no matter which type of acyl chain was incorporated into their ceramide anchor (Fig. 3D ). Besides an increase of Forssman lipid, no major changes were observed for non-glycosylated SLs, i.e. ceramides and sphingomyelins. In contrast, depletion of CerS3 in germ cells affected specifically the class of ULPU-SLs (C26-C32), which were reduced by >90% in FucGA1 and hexosylceramides but also in the non-glycosylated SLs, ceramides and sphingomyelins (for structures see Figure S1C ]. Altogether, our lipid data point to the fertility-crucial role of germ cell-specific polyunsaturated (C26-C32) SLs and GSLs, synthesized already prior to spermiogenesis.
Germ cell-specific loss of SLs or GSLs with ULPU-fatty acids impairs meiotic ICBs and spermiogenesis
As a consequence of polyunsaturated SL-or GSL-loss in both germ cell-mutants, elongating spermatids and maturing spermatozoa never appeared from the first spermatogenic cycle on (P45, Whereas in Gcs(Germ)-KO testis numerous, large MGs ( Fig. 5C ) decorated the luminal aspect of seminiferous tubules, in the germ cell-specific Cers3-mutant only a few, comparably small MGs were found containing 7-10 spermatid nuclei (Fig. 5B) . The more severe phenotype in Cers3-mutants was characterized by a disrupted epithelial layering, a small tubular lumen, and enhanced apoptosis of spermatocytes, which resulted in remarkable epithelial vacuolization. In both mutants, already at enlarged binucleated spermatids in single sections were visible indicating normal meiotic karyokinesis, but initiation of meiotic ICB-impairment. During early spermiogenesis, widened ICBs (>2.7 µm) still separated multiple clonal nuclei from larger MGs and residual single nuclei were deformed while protruding through these unstable ICBs ( testis expressed 14, Fig. 7) .
Thus, the size of multinuclear spermatid cells varied in mutants dependent on the spermiogenic stage, the gradual deficiency of ICBs, and the plane of individual sections. Morphometric analysis confirmed significant smaller sized MGs in Cers3(Germ)-KO as compared with those of Gcs(Germ)-KO testis. The latter showed phenotypic similarities in size, nuclear content and tubular localization to MGs of previously published sterile mouse lines with systemic lack of complex GSLs (B4galnt1) or of ether lipids including seminolipid (Gnpat) (Fig. 6) . Hence, seminiferous tubules of CerS3(Germ)-KO contained MGs with the lowest number of spermatid nuclei. Enhanced spermatocyte apoptosis accounts for small MGs in germ cell-CerS3-deficiency
To answer the question whether a low proliferation and/or a high apoptosis rate of germ cells in Cers3(Germ)-deficient mice leads to small-sized MGs, we analyzed the proliferative capacity of stem cells and spermatogonia within the basal compartment as well as the numerical density of apoptotic germ cells (exclusive MGs) within the germinative epithelium of 90-day-old control and mutant testis using Ki67-and TUNEL-stained paraffin sections, respectively. Whereas germ cell loss of CerS3-or of GCS-activity did not affect the mitotic potential of spermatogonia (Supplementary Material, Fig. S7 ), a significantly higher apoptotic rate of spermatocytes was observed in the mutant strains, which was a 3-fold increase in Cers3(Germ)-KO testis (Fig. 8) . Especially spermatocytes during the meiotic divisions (late metaphase to telophase, Stage XII) most frequently underwent apoptosis, which underscores the pivotal role of CerS3 for progression through meiotic divisions. Furthermore, depending on the degradation state MGs appeared TUNEL-positive (as shown for germ-cell specific deficiency of CerS3 and GCS, Fig. 8C and D, black arrows).
Discussion
ICB formation in male germ cells is a modification of somatic cell division. In both cases, a cleavage furrow forms around the central spindle. With completion of cleavage furrow ingression at the end of cytokinesis a transient bridge between the daughter cells, the midbody, is formed. In somatic mitosis, the midbody is enriched in special lipids, particularly classical SLs, implicating their requirement besides of special proteins (17) . By altering the fate of the midbody, male germ cells form permanent ICBs. With the generation of spermatids at the end of meiosis, novel ICBs have to be formed, which rearrange and widen (7). Prior to their establishment spermatocytes synthesize special SLs, as shown by high-resolution mass spectrometric imaging. These SLs contain ULPU-fatty acid residues instead of classical fatty acids (see Fig. 1A′, C and C′) . Here, we deleted ULPU-SLs exclusively in germ cells (mutation of CerS3), which sufficed to abrogate ICB-stability and led to MG (symplast) formation. Hence, conversion of midbodies requires not only modification of the protein machinery, but also of lipid structures, which in turn depends on pathway specific enzymes. Our data imply CerS3, one of six mammalian ceramide synthases, as a key player in this pathway. Together with Elovl2, a fatty acid elongase supplying ULPU-fatty acids (9), CerS3 synthesizes unique ceramide membrane anchors, modified subsequently by common enzymes of the sphingolipid pathways to produce GSLs or sphingomyelins (see Fig. 1D ).
Using high-resolution MSI we uncovered two types of unique ULPU-sphingomyelins present in different layers of the seminiferous tubules. Non-hydroxy ULPU-sphingomyelins were found in adluminal spermatocytes close, but not adjacent to the basal lamina. Their stage-specific localization matched the differentiation-dependent expression of CerS3 in adluminal spermatocytes. More to the center of the tubules, 2-hydroxy ULPU-sphingomyelins enriched in spermatids, which implicates two phases of ULPU-SL synthesis during germ cell differentiation (Supplementary Material, Fig. S3F ) and correlates with earlier findings in rat pachytene and spermatid fractions (22) . MSI verified the loss of ULPU-sphingomyelins within the majority of tubules. In addition, it revealed residual ULPU-sphingomyelins detected by LC-MS 2 (<2% of control) to be restricted to a few tubules correlating with residual spermatogenesis shown by light microscopy. Hence, MSI visualized a transgenic leakage pitfall, reported to occur in <5% for Stra8 (stimulated by retinoic acid gene 8) driven Cre reporter mice (23). Cers3-mRNA emerges 15 days after birth in murine testis strongly increasing in parallel to pachytene spermatocyte development (12) . Here, we observed a biphasic CerS3-protein expression in adluminal germ cells, first in early pachytene spermatocytes until the end of meiosis and in elongating spermatids (Steps 9-15). The initial expression of CerS3 coincides with the appearance of non-hydoxy-ULPU-SLs, while the later expression correlates with the synthesis of 2-hydroxy-ULPU-SLs in spermatids as observed by MSI. It also correlates with sialylated fucosylGSLs (gangliosides) emerging first in elongating spermatids (18) , which also requires late de novo synthesis involving CerS3. In round spermatids CerS3 was undetectable, suggesting an intermittence of ULPU-SL production during acrosome formation and germ cell polarization. In spermatocytes CerS3 was distributed in the ER, matching previous HeLa cell-colocalization studies (24) . In contrast, in elongated spermatids CerS3 appeared as a single, granular structure within the cytoplasmic lobe, which did not colocalize with lysosomes, autophagosomes or Piwil1-positive chromatoid bodies. According to the late synthesis of 2-hydroxy-ULPU-SLs, this organelle must contain active CerS3 and probably corresponds to the radial body previously recognized in mouse (Step 14/15) and rat (Step 15) spermatids (25, 26) . If so, the radial body of late stage spermatids may not represent a residual ER-aggregate but rather a unique sub-compartment producing lipids for the tail of spermatozoa and contributing to the asymmetric lipid distribution in sperm. In fact, FucGA1 with 2-hydroxy ULPU-ceramide anchors locates specifically to the tail of elongated spermatids (18) . Similar asymmetric distributions of ULPU-ceramides and sphingomyelins had also been reported in rat spermatozoa (27) .
Our data implicate SLs and fucosyl-GSLs with ULPU-anchors as imperative germ cell constituents required for meiotic ICB formation, whereas GSLs of Leydig cells and Sertoli cells are dispensable.
Although ULPU-GSLs were absent in both, Gcs(germ)-and Cers3(germ)-KO models, these mutants displayed major differences in their lipid profiles, which were reflected in diverging phenotypes. In Gcs(Germ)-KO all germ cell GSLs were depleted, including the minor, but basal expressed species with classical ceramide anchors. In contrast, these basal species were present in Cers3-deficient germ cells, as the latter were first affected when spermatocytes reached the adluminal compartment. There however, they failed to synthesize not only GSLs, but all ULPU-SLs, including ceramides and sphingomyelins. Considering the adluminal germ cell-specific FucGA1 as a marker for the acyl-chain composition, >95% of adluminal SLs contain ULPUacyl moieties and depend on CerS3 activity. Further, fucosylGSLs, ceramides and sphingomyelins are present in a roughly equimolar ratio (12) . Hence, prior to meiotic divisions, Gcs-deficient germ cells failed to synthesize about one-third of all SLs, but adluminal Cers3-deficient germ cells were not able to produce almost any SLs (<5%). At this critical time point, primary spermatocytes reach the largest volume and plasma membrane area to be primed for the meiotic divisions and a 4-fold increase of ICBs. Here, lipids are required for rapid membrane expansion to allow cleavage furrow ingression (28) . Spermatocytes in germ cell-specific CerS3-knockout have about a 3-fold reduction in SLs compared with those in GCS-knockout animals, and CerS3-knockout spermatocytes displayed the highest incidence of apoptosis and smallest MGs. This raises the possibility that SLs are required in a dose-dependent manner for spermatocyte survival. In the metabolic pathway leading to fucosyl-GSLs GalNAcT acts downstream of GCS, but Elovl2 acts upstream of CerS3 (Fig. 1D) . Likewise, the size distribution of MGs upon GalNAcT-deficiency is similar to that of germ cell-specific loss of GCS, whereas the small size of MGs found in germ cell-specific loss of CerS3 resembles that in Elovl2-deficient mice (9) .
The formation and remodeling of ICBs upon differentiation into elongated spermatids requires a stage-specific set of proteins (7). Our data imply that also lipids are remodeled and SLs with specialized membrane-anchors, i.e. ULPU-SLs, are essential. The highest degree of membrane curvature at Steps 1-3 in rat spermatid-ICBs (8) should require lipid components with specific biophysical properties able to stabilize the membrane deformation. SLs and fucosyl-GSLs with their exceptional ULPU-anchor might provide the flexibility that is required for the strong convex curving of the outer leaflet of the plasma membrane bilayer. In fact, ULPU-SLs behave more like unsaturated phosphoglycerolipids than like classical SLs in a detergent-resistance assay (18) . Further, Peñalva et al. (21) showed atypical surface behavior suggesting bending of ULPU-ceramides in Langmuir monolayers. The length and saturation grade of the fatty acyl moieties appears important. Likewise Bond, encoding a member of the elongation of very long chain fatty acids (Elovl) family, is required for successful cleavage furrow ingression during cytokinesis of Drosophila spermatocytes (13) . However, in mice also glycan moieties on top of these ULPU-anchors are required for ICB stability, because MG formation is also observed when only glycan moieties, but not the ULPU-anchors of the fucosylated GSLs are lost (deficiency of GCS in germ cells or systemic deficiency of GalNAcT). The glycan moieties could stabilize interactions with the supporting Sertoli cell membranes via lectin bindings similar to the ganglioside-MAG interaction stabilizing myelin sheaths to axons (29) or could stabilize protein-lipid microdomains within the ICBs. However, ULPU-GSL-interacting lectins on the Sertoli cell membranes as well as ULPU-GSL-interacting proteins within spermatid-ICBs remain to be identified. Similarly, the germ cell-specific ether glycolipid seminolipid could contribute to the establishment of ICBs in spermatids with its sulfate group. Its metabolic pathway involves Gnpat, Cgt (ceramide galactosyl transferase, Ugt8), and Cst (cerebroside sulfotransferase, Gal3st1). Deficiencies of any of these enzymes lead to loss of seminolipid and to MG formation (10, 14, 30, 31) . Seminolipid was immunolocalized to ICBs together with synthaxin 2 and both together were thought to regulate membrane dynamics during ICB maturation (32) . Similar ULPU-SLs could be required in spermatids for intracellular transport of special proteins. Interestingly, GlcCerbased GSLs contribute to actin cytoskeleton arrangements in cytokinesis as shown by GCS inhibition in HeLa cells. Imbalance between ceramides and glucosylated ceramides could trigger cortical changes possibly mediated by interactions between ceramides and ERM (ezrin, radixin, moesin) proteins (16) . A follow-up study demonstrated especially ceramides and hexosylceramides with saturated long-and very long-acyl moieties to concentrate in midbodies (17) . The strikingly different acyl chains of these classical SLs and of ULPU-SLs may reflect the need of different SL-membrane properties in meiotic cytokinesis.
Male fertility could also be modulated by the levels of ULPUSLs. We demonstrated high expression levels of Cers3-mRNA in human non-tumorous testes tissue. Correspondingly, almost a similar ratio of ceramides and sphingomyelins with ULPUanchors over those with classical anchors (structures, Fig. 1C /C′) was found in human and mouse testes. In humans, these ULPU-SLs are also synthesized in germ cells as had been shown previously by the analysis of spermatozoa (33) . The fact that CerS3-mRNA and ULPU-SLs were absent in an infertile patient with SCO, demonstrates the similarity to mice.
In conclusion, CerS3 is activated in the ER of early pachytene spermatocytes where it triggers the synthesis of non-hydroxy (and to some extent 2-hydroxy) ULPU-ceramides, which are then further processed to more complex SLs. These ULPU-SLs are vital for cleavage furrow stability and for the generation of spermatid ICBs characterized by high curvature in early spermiogenesis. Spermatid elongation triggers the reactivation of CerS3 probably in the radial body, where further synthesis of 2-hydroxy ULPU-(G)SLs takes place for delivery to the growing flagellar membrane. These ULPU-SLs possibly provide the sperm flagella with physicochemical properties required for bend propagation with high curvature and long wavelength during hyperactivation essential for fertilization. Our data imply that these functions of CerS3 and corresponding ULPU-SLs likely are conserved in humans. Thus, we propose that mutations in the human CERS3 gene not only cause ichthyosis (34, 35) but also may impair male fertility and offer new perspectives on genetics of human azoospermia.
Experimental Procedures

Materials
Generation of mice with a floxed Gcs or Cers3 gene had been described recently (24, 36) . Mice expressing cyclization Cre under the Stra8-promoter were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA). Mice expressing Cre under the anti-Mullerian hormone (Amh)-and under the anti-Mullerian hormone type 2 receptor (Amhr2)-promoter were published previously (37, 38) . For comparison, mutant mice carrying a deletion of either β-1,4-N-acetyl-galactosaminyl transferase 1 (B4galnt1-KO) or glyceronephosphate O-acyltransferase (Gnpat-KO) were analyzed (18, 39, 40) . For this study, mice were crossed into C57BL/6N background.
Non-tumorous human testes tissue from 18 to 53-year-old patients, a 42-year-old male affected with SCO, and nontumorous kidney parenchyma from 37 to 66-year-old patients were used for this study with the agreement of the institutional review board of the University Medical Center Mannheim.
Internal standards used for mass spectrometric analyses were chemically synthesized previously (41) , except of N-(10- [1-pyrene] decanoyl)sphingomyelin, abbreviated here as SM(d18:1;10:0-pyrene) that was purchased from Sigma (P-4275). All organic solvents used were of HPLC grade. For matrix-assisted laser desorption ionization-imaging mass spectrometry (MALDI-IMS), 2,5-dihydroxybenzoic acid (DHB from Bruker Daltonik, Bremen, Germany) was used.
Cell-specific knockout mice
Cell-specific knockout mice for Gcs [Gcs(Germ)-KO, Gcs(Sertoli)-KO and Gcs(Leydig)-KO] and Cers3 [Cers3(Germ)-KO] were obtained via crossbreeding mice containing the floxed gene (24,36) with mice expressing cell specifically the cyclization recombinase (37, 38, 42) . To verify recombination of testicular genomic DNA in each of the mouse lines generated, PCR analyses were performed. Primers used to enhance each fragment are listed in Table 1 . All animal procedures were approved and performed in accordance with federal laws (Regierungspräsidium Karlsruhe, Germany).
Generation and purification of CerS3 antibody
Antibodies against the C-terminal dodecapeptide TNRHLIANGQHG of the murine CerS3 (also Lass3; Gene ID: 545975) were raised in guinea pigs in the Helmholtz Group for Cell Biology (DKFZ) according to a previous publication (43) . The polypeptides were synthesized by PSL (Peptide Speciality Laboratories, Heidelberg, Germany) and conjugated to keyhole limpet hemocyanin (KLH) via an additional cysteine (C) to trigger and enhance immunoreaction. Sera were purified against dewaxed and rehydrated testis paraffin sections of Cers3(Germ)-KO mice prior to staining wild-type and mutant testes. For this purpose, sections were washed, blocked for 1 h in 5% BSA-PBS and incubated with primary antibodies for 16 h at 4°C (CerS3, 1:50).
Immunohistochemistry
For antigen localization of CerS3 and Tex14 as well as for the colocalization studies with the ER-resident protein calreticulin (Calr), the argonaute protein Piwil1 (piwi-like RNA-mediated gene silencing 1, also Miwi), Lc3 (Map1lc3a or Apg8, microtubule-associated Human Molecular Genetics, 2015, Vol. 24, No. 17 | 4803 protein 1 light chain 3α) and Lamp1 (lysosomal-associated membrane protein 1), tissue samples were processed as follows and analyzed with a fluorescence microscope Biorevo BZ-9000 (Keyence). In brief, mice were anesthetized and the testes were directly excised, fixed by immersion in PBS-buffered 4% paraformaldehyde for 24 h at 4°C, dehydrated and embedded in Paraplast Plus. Paraffin sections of 5 µm in thickness were prepared, dewaxed, rehydrated and subjected to antigen retrieval either with citrate buffer (10 m sodium citrate, 0.5% Tween, pH 6.0) at 96°C for 20 min or with Tris/HCl buffer (0.01 , pH 9.0) for 5 min in a pressure cooker.
Immunolabeling
After rinsing in PBS containing 0.1% Tween or Triton X-100 and blocking for 45-60 min in 5% BSA or goat serum in PBS, sections were incubated with primary antibodies (for antibody details, see Supplementary Material, Table S1 ) for 16 h at 4°C or for 1.5 h at room temperature (RT) using the following dilutions: CerS3 ( Morphometric diameter analysis of Tex14-marked round spermatid ICBs was performed using BZ-II Analyzer v. 1.41 and Biorevo BZ-9000 (Keyence). Minimal three sections from at least two animals per group were analyzed and only the maximal distance in ring-like bridges was considered.
Western blotting
Whole testes in digitonin lysis buffer (20 µg/ml digitonin; 1× protease inhibitors; 150 m NaCl; 50 m HEPES-NaOH buffer, pH 7.4) were homogenized on ice using an Ultra Turrax T25 basic instrument (IKA Labortechnik). After 10 min incubation on ice, lysates were cleared of cell debris by centrifugation at 500g at 4°C for 10 min. Subsequently, membrane fractions were enriched from cytosolic fractions by centrifugation at 12 000g for 10 min at 4°C. Pellets containing membrane proteins were dissolved in RIPA buffer (150 m NaCl; 5 m Tris; 2 µ EDTA; 0.2% NP40; 1× protease inhibitors; 0.5 m DTT; 2.5 m PMSF; 1% SDS) and separated in 12% sodium dodecyl sulfate-polyacrylamide gels (Mini-PROTEAN TGX Gels, BioRad) using equal amounts of protein (20 μg) per lane. Gels were blotted onto nitrocellulose membranes and incubated with the anti-CerS3 antibody (1:100) overnight at 4°C and then with the secondary antibody for 1 h at RT (1:2000; Santa Cruz, sc-2903). Membranes were developed with ECL and afterwards stripped for 40 min at 56°C. For loading control, membranes were then incubated with anti-GAPDH antibody (1:100; Santa Cruz, sc-25778) for 1.5 h and with the secondary antibody as previously described (1:2000; Santa Cruz, sc-2004).
Preparation of lipids for thin layer chromatography and LC-MS 2 analysis
Mice of different ages (P20, P45 and P90) were sacrificed and their testes were rapidly dissected and snap-frozen in liquid nitrogen prior to be stored at −80°C for further use. Both, mouse and human testes were homogenized in water on ice using an Ultra Turrax T25 and homogenates were lyophilized. Testicular lipids were isolated as previously described (12) . Briefly, dried testes were extracted with 3 ml of chloroform/methanol/water 10/10/1 by volume at 37°C for 15 min with occasional sonication. Lipidcontaining supernatants were collected following centrifugation at 2000g for 10 min and pellets were then re-extracted once with 10/10/1 and once more with 30/60/8. Supernatants were pooled, dried and subjected to methanolic mild alkaline hydrolysis (0.1  potassium hydroxide) for 2 h at 37°C to eliminate glycerophospholipids and subsequently were neutralized with acetic acid. Saponified extracts were then desalted using reverse phase C-18 columns prior to be analyzed by TLC or ultra-performance liquid chromatography-electrospray ionization-(triple quadrupole) tandem mass spectrometry (UPLC-ESI-(QqQ)MS 2 ) (see below). For TLC, lipids corresponding to 20 mg of wet weight were spotted on high-performance TLC plates (HPTLC, Silicagel 60 F254, Merck) using an automated TLC loader (Linomat IV, Camag). Separation was carried out using a mixture of chloroform/methanol/0.2% aqueous calcium chloride, 60/35/8 by volume, and plates were developed in orcinol/sulphuric acid.
Lipid analysis by liquid chromatography coupledelectrospray tandem mass spectrometry (LC-ESI-MS 2 ) UPLC-ESI-(QqQ)MS 2 analysis was performed on a Xevo TQ-S tandem mass spectrometer coupled to an automated Aquity I class UPLC system using an ACQUITY UPLC ® BEH C18 1.7 µm column (length 50 mm, diameter 2.1 mm), all from Waters Corporation.
The column was equilibrated in buffer A (95% methanol, 0.05% formic acid and 1 m ammonium formate) and lipids were eluted with an increasing amount of buffer B (99% 2-propanol, 1% methanol, 0.05% formic acid and 1 m ammonium formate) at a flow rate of 0.45 ml/min as described (44) with slight modifications as follows: the gradient went up to 90% B as listed in the Table 2 . The total gradient time was fixed at 6.5 min per run. Samples were dissolved in 95% methanol and treated in an ultrasound bath for 3 min prior to be placed into the autosampler, which was held at 15°C. The column was heated to 40°C and in general 10 µl (100% of injection needle capacity) aliquots were injected. Protonated SLs were quantified in single reaction monitoring (SRM) mode using 12.5 pmol of each of the following: Cer lipids corresponding to 2 mg wet weight of mouse or human tissue. The capillary voltage was set at 2.5 kV, whereas the cone and the source offset were fixed at 50 V. The source and desolvation temperatures were maintained at 90 and 300°C, respectively. The desolvation gas was delivered at 800 l/h, while the cone gas and the collision gas flow were fixed at 150 l/h and 0.15 ml/min, respectively. Each lipid species was detected at optimized collision energy as follows: GlcCers at 44 eV, SMs and Fuc-GA1 at 35 eV, whereas ceramides were measured using increasing collision energies ranging from 25 to 38 eV according to their molecular mass (listed in Table 3 ). The dwell time was adjusted automatically to the number of SRM runs per gradient and was between 4 and 10 ms. In source decay led to significant water loss from neutral SLs (except of SM and Fuc-GA1) during the ESI-process. Therefore, each compound was detected by two transitions, [ (1) Samples were injected and processed using the software MassLynx (v 4.1 SCN 843) and mass spectrometric peaks were quantified according to their peak area ratio with respect to the internal standard peak areas using TargetLynx (v 4.1 SCN 843), both from Waters Corporation.
MALDI-mass spectrometric imaging (MSI) of testes sections
Testis of 45-day-old mice, either Cers3(Germ)-KO or control were snap-frozen in liquid nitrogen without prior perfusion and stored at −80°C. Frozen testes were mounted onto the chuck of a CM 1900 cryostat at −20°C using Tissue Freezing Medium (all from Leica Biosystems) ensuring that the tissue region of interest sent in the tissue. Data were acquired using positive ionization mode with an m/z ranging from 450 to 3000, while the mass spectrometer was tuned for detection of the ions of interest between m/z 500 and 1000. For each pixel, 1 scan with 400 laser shots each (repetition rate 1 kHz) was acquired with a time domain of 2MWord with subsequent single zero filling and sine wave apodization. Raster widths of 12 µm (control) and 15 μm (KO) were chosen. Data analysis was carried out using FlexImaging 4.1, and all displayed intensities were root mean square normalized. Mass filter were chosen with a width of m/z 0.002.
Human testes samples
Non-tumorous human testes tissues (control) from 18 to 53-yearold patients and a 42-year-old male affected with SCO, were snap frozen in liquid nitrogen, stored at −80°C and subsequently processed for mRNA, lipid and light microscopical analyses as indicated for mouse samples. As control for mRNA analyses, non-tumorous kidney parenchyma from 37 to 66-year-old patients were used. The institutional review board of the University Medical Center Mannheim approved the analysis of the material.
Quantitative real time PCR
Human samples of testis, including one SCO-case, and kidneys were used for mRNA analyses as previously described (24) . Double-stranded cDNA was synthesized and evaluated for CERS3 transcript levels. Results represent the fold change of expression calculated using the comparative C t method. Target C t values were normalized to human β actin (ACTB) and plotted relative to CERS3 kidney transcript levels. Primers used to enhance specifically each gene are detailed in the Table 4 .
Light microscopy
For detailed morphological analysis a minimum of two animals per group were used and sample processing followed a protocol as described (2,24) with minor modifications. Male mice (P20, P45 and P90) were anesthetized and transcardially perfused with either 2.5 or 4% glutaraldehyde in 0.1  cacodylate buffer ( pH 7.6) containing 2% PVP, saturated picric acid (300 µl per 100 ml fixative solution) and 0.05% CaCl 2 for 25 min. After removal of the fixed testes, microslicer sections of 80-150 µm in thickness were prepared and postfixed in the same fixative without picric acid for an additional 30 min. For enhancement of membrane staining the samples were then incubated with the alkaline diaminobenzidine (DAB) medium (60 min) and postfixed either with buffered 1.5% OsO4 containing 1.5% potassium ferrocyanide (20 min) continued by an postosmification step without ferrocyanide (40 min), or exclusively with buffered 1.5% OsO4 (60 min). En bloc staining was performed with buffered 1% uranyl acetate (30 min) and after dehydration the sections were processed for embedding in Epon 812. Serial semithin Epon sections of 0.6 µm thickness were prepared and stained with a modified Richardson solution (methylene blue-Azure II) for stage identification of the seminiferous epithelium according to Russell's 12-stage classification scheme of the mouse spermatogenic cycle (5) (see Fig. 2G ).
Quantification of MGs was performed using BZ-II Analyzer v. 1.41 and Biorevo BZ-9000 (Keyence). For each mouse line, four semithin sections corresponding to at least two animals were used to quantify the area of over 200 MGs per strain.
Human testicular samples were excised during surgery, prepared for paraffin embedding, and 3 µm thick sections were analyzed after the Masson Goldner trichrome staining.
Terminal dUTP nick-end labeling (TUNEL)
For the TUNEL assay, paraffin sections of 90-day-old control and mutant testes were stained using the in situ cell death detection kit (Roche) according to manufacturer's recommendations with slight modifications. Briefly, sections were deparaffinized and subjected to antigen retrieval by incubating with proteinase K for 3 min. After washing, endogenous peroxidases were quenched with 3% hydrogen peroxide. DNA fragmentation was then assessed with terminal deoxynucleotidyl transferase by incubating the sections for 1 h at 4°C. After the addition of converter peroxidase for 30 min, slides were incubated with DAB substrate for 10 s and counterstained with hemalaun, prior to be embedded in mounting media. All washing and incubation steps except TUNEL reaction were performed at RT.
For quantification, three animals per group with one cross section of the whole testis per animal were used. The apoptotic rate was determined by quantifying TUNEL-positive diploid and haploid germ cells normalized to the number of tubules present per section. TUNEL-positive cells with a diameter >13.1 µm were not counted to exclude MG cells.
Proliferation assay with Ki67 labeling
Proliferation rate of germ cells in 90-day-old mice was assessed in paraffin sections using Ki67-labeling as previously described (24) . For quantification, the number of Ki67-positive cells was normalized to the tubular perimeter. The latter was measured using the BZ-II Analyzer v. 1.41 (Keyence) using sections of three animals per group.
Statistical analysis
All statistic calculations, the mean, standard deviation and unpaired Student t-tests as well as the correlation factors were calculated with GraphPad Prism Version 5.04 or MS Excel software. -TCT TGC AGG TCC TTC ACC TT-3′ 102  Reverse 5′-CCT CGT CAT CAC TCC TCA CA-3′  ACTB Forward 5′-TTC GAG CAA GAG ATG GCC-3′ 230 Reverse 5′-AGC ACT GTG TTG GCG TAC AG-3′
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